Distributed hydrological models for addressing effects of spatial variability of roughness on overland flow  by Zhang, Sheng-tang et al.
HOSTED BY Available online at www.sciencedirect.com
Water Science and Engineering 2016, x(x): 1e7Water Science and Engineering
journal homepage: http://www.waterjournal.cnDistributed hydrological models for addressing effects of spatial variability
of roughness on overland flow
Sheng-tang Zhang a,*, Yin Liu b, Miao-miao Li a, Bo Liang a
a College of Earth Science and Engineering, Shandong University of Science and Technology, Qingdao 266590, PR China
b College of Mining and Safety Engineering, Shandong University of Science and Technology, Qingdao 266590, PR China
Received 10 May 2015; accepted 2 December 2015
Available online ▪ ▪ ▪AbstractIn this study, we investigated the origin of the overland flow roughness problem and divided the current overland flow roughness research into
three types, as follows: the first type of research takes into account the effects of roughness on the volume and velocity of surface runoff, flood
peaks, and the scouring capability of flows, but has not addressed the spatial variability of roughness in detail; the second type of research
considers that surface roughness varies spatially with different land usage types, land-cover conditions, and different tillage forms, but lacks a
quantitative study of the spatial variability; and the third type of research simply deals with the spatial variability of roughness in each grid cell or
land type. We present three shortcomings of the current overland flow roughness research, including (1) the neglect of roughness in distributed
hydrological models when simulating the overland flow direction and distribution, (2) the lack of consideration of spatial variability of roughness
in hydrological models, and (3) the failure to distinguish the roughness formulas in different overland flow regimes. To solve these problems,
distributed hydrological model research should focus on four aspects in regard to overland flow: velocity field observations, flow regime
mechanisms, a basic roughness theory, and scale problems.
© 2016 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Overland flow, also known as sheet flow or overflow, is
gravity-driven flow that occurs on channelized surfaces. It is
formed when rainfall or snowmelt does not infiltrate the soil or
collect in surface depressions (i.e., channels or surface water
bodies). Overland flow generally occurs near watershed di-
vides on the upper part of a slope, and is considered to be
shallow water flow that covers the slope. It forms sheet-like
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creativecommons.org/licenses/by-nc-nd/4.0/).brooklet intertwined through separate mesh trickles. It is easily
affected by changes in resistance and micro-terrain, and also
has non-unique flow directions.
Overland flow forms the major part of rivers, streams,
lakes, etc., and its movement towards water bodies is
accompanied by pollutant transport and soil leaching. There-
fore, studying overland flow is important to understanding
slope hydrologic processes and soil erosion mechanisms.
Theoretically, distributed hydrological models can accurately
simulate the overland flow process using precise discrete grid
cells (Wang and Hjelmfelt, 1998). However, in reality,
compared to lumped hydrological models, distributed models
sometimes produce unsatisfactory or even incorrect simula-
tions of the velocity fields among the grid cells, even though
they can simulate the runoff at the watershed exit by various
means (e.g., parameter adjustment) (Mu¨gler et al., 2011;
McDonnell and Beven, 2014). The main cause of theal models for addressing effects of spatial variability of roughness on overland
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slope roughness effects in distributed hydrological models.
There have been numerous achievements in the study of
roughness. However, previous research has differed in levels
and has arrived at different conclusions because roughness
varies not only with boundary characteristics but also with
flow velocity, water depth, and other hydraulic factors. Even a
tiny change in roughness can have a marked impact on the
flow characteristics (Darboux et al., 2002; Candela et al.,
2006; Sahoo et al., 2006). Actual conditions of basins are
varied. When water channel networks develop in humid areas,
overland flow will soon reach a river system, and slope char-
acteristic factors have little effect in these areas. In contrast, in
arid areas, overland flow has a longer pathway to the river
system, and the main mechanism of flow generation is excess
infiltration. When water flow is impeded by surface roughness,
it will affect the final runoff volume because the infiltration
rate is high and the infiltration will continue along the
pathway. In this sense, different climatic regions have different
surface roughness effects on overland flow. Different hydro-
logical models can be applied to different climatic regions due
to the diverse flow generation patterns (Liu et al., 2009). The
numerous factors and their interactions with roughness further
complicate the effect.
In this study, we investigated the origin of the overland flow
roughness problem, classified the methods used to address it,
and pointed out the inappropriate aspects of surface roughness
research in theory. Moreover, we present possible solutions to
the roughness problem based on the current research status.
2. Origin of roughness problem
Surface roughness was first investigated by de Chezy, who
presented a formula of resistance including the Chezy coeffi-
cient. Later, Ganguillet and Kutter introduced the concept of
roughness when they studied the Chezy coefficient. Subse-
quently, Manning established the Manning resistance formula,
which was translated later to another formula with the
roughness coefficient, and this coefficient is the so-called
roughness at present (Smith et al., 2007). Through these
studies, roughness has developed a definite meaning: a
comprehensive coefficient that represents the blocking effect
of the solid coarse surface on flow. In regard to open channel
flow, roughness is an integrated hydraulic resistance coeffi-
cient. It varies not only with the surface characteristics but also
with the flow volume, water depth, and other hydraulic factors.
In the investigation of open channel flow, an increasing
number of researchers have begun to consider the roughness
change in different flow regimes. The interactions between
flow quantity, water depth, and velocity in different regimes
make roughness a complicated problem. Wu and Christensen
(2007) used a wind tunnel test to study the effects of surface
roughness on velocity distribution, shear stress, and other
hydraulic factors of turbulence.
Unlike open channel flow, overland flow is usually shallow
flow on a slope, which can be solved with the Saint-Venant
equation and the Manning formula as follows:Please cite this article in press as: Zhang, Sheng-tang, et al., Distributed hydrologic
flow, Water Science and Engineering (2016), http://dx.doi.org/10.1016/j.wse.20168>><
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where h represents the average depth of overland flow, t is
time, q represents the flux per unit width, r is the net input
flux, l is the slope length, sf represents the friction gradient that
approximately equals the directional gradient, v is the overland
flow velocity, and n is the Manning roughness coefficient of
the slope.
Currently, researchers use the available knowledge of pipe
and open channel flow to address the overland flow roughness
coefficient in Eq. (1). However, because the overland flow is
formed by precipitation and moves along the slope, it has
various flow directions, as opposed to open channel flow.
Overland flow changes speed and flow direction frequently
because of the effects of water depth, micro-terrain, resistance,
and other factors. The pathway of overland flow may differ
because of rainfall volume, humidity, or other climatic con-
ditions. A distributed hydrological model used to simulate
overland flow is generally affected by the overland flow
characteristics, which change easily according to earth sur-
face, hydrological, and meteorological conditions.
In general, shallow flow is significantly affected by the
friction of the solid surface, and is simultaneously affected by
the surface geological types, land usage types, cultivation, and
other spatial variation factors. Consequently, slope roughness
has spatial variability, which complicates the overland flow
roughness problem. Because of the unique features stated
above, overland flow roughness has received considerable
attention. Overland flow is easily affected by the change of
resistance and micro-terrain because of thin-layer flow. There-
fore, flow direction and distribution become complex. Macro-
scopic slope topography determines the large-scale direction of
convergence, but at the grid scale, the variations of the micro-
terrain and resistance in different directions within the inner
grid will affect the pathway of overland flow in the grid cell.
Inaccurate simulations of these effects will result in a loss of
information about the real flow path and may lead to biases of
flow length (Liu et al., 2012). Thus, the simulation results of
distributed hydrological models will be highly variable.
3. Current research on overland flow roughness
Overland flow roughness has become the most active
research area in hydrology, and substantial efforts have been
made by researchers with different research objectives. After
analyzing their achievements, we divided all of the methods
for handling roughness into three types.3.1. First typeIn the first type of methods, it is assumed that roughness
affects the volume and velocity of surface runoff, flood peaks,
and the scouring capability of flow (Lumbroso and Gaume,al models for addressing effects of spatial variability of roughness on overland
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variability of roughness in detail. Smith et al. (2007) classified
flow into pipe flow, open channel flow, and overland flow.
Then, they demonstrated that roughness plays an important
role in overland flow and that its influence changes when it
affects other types of flow. Moreover, a roughness classifica-
tion method was presented. In the research of Cea et al.
(2014), the micro-roughness characteristics of the terrain
were taken into account to correctly reproduce the flow hy-
drodynamics. Shit and Maiti (2012) used tests to reveal that
flow velocity is not directly controlled by the rill gradient;
rather, it is influenced by the hydraulic roughness coefficient.3.2. Second typeIn the second type of methods, it is demonstrated that
surface roughness varies spatially with different land usage
types, land-cover conditions, and even different tillage forms.
However, the spatial variability of roughness has not been
studied quantitatively. Helmers and Eisenhauer (2006) showed
that roughness is a spatial variable, and its spatial variability
can change the runoff by 14%e18%. By using a one-
dimensional unsteady flow model to study plain floods and
by calibrating the Manning coefficient for different slope
types, Remo and Pinter (2007) concluded that the roughness
varies with slope type. Medeiros et al. (2012) discussed the
possible runoff prediction errors that occur when the surface
roughness distribution is automatically determined by land
usage type and land-cover conditions. Jin et al. (2000) sug-
gested that the roughness coefficient is highly related to the
shear stress and drag force. The resistance due to vegetation
was related to vegetation density and flow depth. Stoof et al.
(2015) confirmed that the decrease in vegetation coverage
decreases the average slope roughness, and then increases
runoff and erosion risk in these areas.3.3. Third typeIn the third type of methods, the spatial variability of
roughness is considered and simply handled in each grid cell
or land type. Saxena and Perumal (2014) characterized land
strips with a set of uniform Manning's roughness coefficients.
They also determined the roughness coefficients according to
the land-cover type classification method. Based on the spatial
variation of surface frictional resistance, Schumann et al.
(2007) classified the surface roughness distribution based on
data collected by satellite remote sensing. The significant in-
fluences of gradient, coherence of saturated surface soil, and
particle size on roughness and the considerable variation of
channel roughness caused by surface soil characteristic vari-
ations were demonstrated by Torri et al. (2012). The Manning
roughness coefficient was tested under various flow conditions
and with different vegetation parameters by Noarayanan et al.
(2012), who regarded this coefficient as a proper tool to
calculate and describe the resistance to shallow flow.
Realistically, it is difficult to take into account the spatial
variability of roughness. Due to the complexity of the factorsPlease cite this article in press as: Zhang, Sheng-tang, et al., Distributed hydrologic
flow, Water Science and Engineering (2016), http://dx.doi.org/10.1016/j.wse.2016in modern catchments and the lack of a foundational theory in
overland flow roughness studies, distributed hydrological
models do not always provide satisfactory results in watershed
hydrological process simulations when the effect of roughness
is considered. In conclusion, of the three types of roughness
handling methods mentioned above, it is difficult to determine
which one is better. Currently, researchers choose their
methods according to different objectives in research and
applications.
4. Shortages of distributed hydrological models for
roughness effect simulation
Most of the studies on overland flow roughness have aimed
to meet the requirements of accurate overland runoff process
simulation. When distributed hydrological models are used to
simulate overland flow roughness, several problems arise.4.1. Neglect of roughnessNumerous studies show that the roughness factor has a
significant effect on the overland flow concentration (Lane and
Woolhiser, 1977; Podmore and Huggins, 1980; Shen et al.,
1994; Straatsma and Baptist, 2008; Laloy and Bielders,
2008), and it has been concluded that this factor also affects
flow directions and distributions among grid cells divided by
the distributed overland flow concentration model (Zhang and
Kang, 2005). The single flow direction arithmetic method,
multiple flow direction arithmetic method, and topographic
index method in TOPMODEL are the most popular methods
currently used in distributed hydrological models to simulate
the overland flow concentration (Tarboton, 1997). The math-
ematical principles of these methods are explained below.
The D8 flow direction algorithm is a typical example of the
single flow direction arithmetic method. The following for-
mulas are used to calculate the flow direction in grid cell i:
bij ¼ arctan
Zi  Zj
Dij
ð2Þ
bi ¼maxbij j¼ 1; 2;…;8 ð3Þ
where Zi is the elevation of grid cell i, Zj is the elevation of the
adjacent cell j, Dij is the distance between the centrums of grid
cells i and j, bij stands for the gradient from cells i to j, and bi
acts as the gradient of real flow direction (the runoff path is the
steepest).
The multiple flow direction arithmetic method has been
developed on a solid physical foundation. The process of the
method is demonstrated below. The flux per unit width passing
from grid cell i to the adjacent cell j, qij, is expressed as
qij ¼ vijhij ¼
S
1=2
ij h
5=3
ij
nij
ð4Þ
where nij is the surface Manning roughness coefficient in the
direction from cells i to j, and vij, hij, and Sij are the flowal models for addressing effects of spatial variability of roughness on overland
.07.001
4 Sheng-tang Zhang et al. / Water Science and Engineering 2016, x(x): 1e7velocity, average depth of overland flow, and directional
gradient from cells i to j, respectively. Sij is defined as
Sij ¼ Zi  Zj
Dij
ð5Þ
Then, the total flux per unit width from grid cell i to the
downstream cells can be obtained:
qi ¼
X8
j¼1
qij ¼
X8
j¼1
S
1=2
ij h
5=3
ij
nij
ð6Þ
The proportion of the flow from grid cell i to the adjacent
downstream cell j accounting for the total flux is calculated as
fij ¼ qij
qi
¼
S
1=2
ij h
5=3
ij
.
nij
X8
j¼1

S
1=2
ij h
5=3
ij
.
nij
 ð7Þ
The overland flow depth in grid cell i is considered a
constant at a certain moment. Thus, Eq. (7) is simplified as
fij ¼ qij
qi
¼
S
1=2
ij
.
nij
X8
j¼1

S
1=2
ij
.
nij
 ð8Þ
Through homogenization of the Manning roughing coeffi-
cient, the following equation is obtained from Eq. (8):
fij ¼
S
1=2
ij
X8
j¼1
S
1=2
ij
¼ S
P
ij
X8
j¼1
SPij
ð9Þ
where P is a constant without hydrological dimensions, whose
variation influences the flow distribution model directly. In
Eq. (9), a value of 0.5 is assigned to P. With the increase of P,
the flow distribution simulation result of the multiple flow
direction arithmetic method tends to be similar to that of the
single flow direction arithmetic method. In a sense, the flow
distribution among grid cells simulated by the single flow
direction arithmetic method can be regarded as an extreme
case of the multiple direction arithmetic method (in the
extreme case, P/þ∞). Relevant studies have shown that the
multiple flow direction arithmetic method, which has more
precise results than the single direction arithmetic method, has
replaced the previous arithmetic methods based on DEM raster
data to become the primary method for calculating the flow
direction and distribution among grid cells.
From the discussion above, we can see that the multiple
flow direction arithmetic method first homogenizes and then
neglects the roughness, which leads to an inaccurate result of
the distributed hydrological simulation of the flow direction
and distribution among the grid cells. Due to this neglect,
theoretically, distributed hydrological models are not always
superior to lumped hydrological models, even with their
physical foundations and precise discrete grid cells.
In TOPMODEL, the topographic index, lnða=tan bÞ, is
used to represent the accumulation trend and downward flowPlease cite this article in press as: Zhang, Sheng-tang, et al., Distributed hydrologic
flow, Water Science and Engineering (2016), http://dx.doi.org/10.1016/j.wse.2016trend of the runoff from a grid cell with the elevation of Z
(referred to as the original grid cell below) toward a down-
stream grid cell with the elevation of Z0. a and tan b are
calculated as below:
a¼ A
L
ð10Þ
tan b¼ Z  Z
0
D
ð11Þ
where A represents the total upstream area of the original grid
cell; L is the effective contour length, vertical to the flow di-
rection; D is the distance between the centrums of grid cells;
and tan b represents the slope angle, reflecting the downward
tendency of the runoff under gravity.
As discussed above, in the simulation of overland flow
concentration using distributed hydrological models, the
gradient is adopted as the only factor to calculate the flow
direction and distribution in all three arithmetic methods,
ignoring the effect of roughness. A slope factor is used to
partially represent the effect of terrain on overland flow. With
discrete grid cells, the flow direction algorithms in the high-
resolution grid cells of distributed hydrological models
simulate the effect of variation of the micro-terrain perfor-
mance by determining overland flow direction at the grid
scale. If the variation of the micro-terrain is so tiny that a slope
factor at a grid scale cannot reflect the changes, its effect on
overland flow will probably be ignored by the flow direction
algorithms. However, if the variation of micro-terrain is a bit
larger, it will change the value of roughness of the underlying
surface of the grid cell. In this case, it will indirectly affect the
flow distribution in different directions by influencing the
value of roughness. Thus, it is necessary to consider the in-
fluence of roughness in the simulation of overland flow di-
rection and distribution with the flow direction algorithms.4.2. Lack of consideration of spatial variability of
roughnessIn theory, roughness is a coefficient that reflects the effect
of the solid coarse surface on flow. However, in application,
this coefficient cannot be measured directly because of a lot of
factors, including water depth and velocity, roughness of the
earth's surface, section form, surface cover type, and land
usage type.
The method for calibration of the roughness in a single
surface type with a certain kind of vegetation and surface
geological conditions has been discussed widely. For example,
by analyzing field flood data with an iterative curve fitting
method, Engman (1986) obtained the Manning roughness
coefficients in different surface situations, such as eroded bare
clay ground (n ¼ 0.02), natural pasture (n ¼ 0.13), cut grazing
land (n ¼ 0.10), and bluegrass meadow (n ¼ 0.45). There are
also many similar studies in which the slope roughness is
assigned as only one definite value without consideration of
the roughness spatial variability around the slope.al models for addressing effects of spatial variability of roughness on overland
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viations in research results. It is obvious that watersheds with
only one surface type are rare and most catchments are
covered with different forms of underlying surfaces of various
proportions. In reality, the modern watershed surface, con-
sisting of artificial vegetation, large-scale farming, various
engineering construction projects, and numerous hardened
pavements, has been divided into broken patches, which
destroy the spatial continuity of the watershed state parameters
(vegetation, slope continuity, soil characteristics, etc.), leading
to significant spatial variability of roughness along the
catchment surface and affecting the overland flow depth and
velocity distribution. Thus, simple processing of the spatial
variability of roughness will lead to a substantial difference
between reality and simulation.
Compared to open channel flow, it is clearer in overland
flow that the boundary non-uniformity will inevitably cause
the spatial variability of roughness. However, consideration of
this variability in current hydrological models does not always
lead to more accurate simulation results, and therefore, an
effective method to express the spatial variability of roughness
has not been found in theory or experimentally (Deng and Li,
2013). Thus, a breakthrough is required in the theoretical basis
of roughness to improve future models.4.3. Controversial opinions on roughness in different
flow regimesIn the research of overland flow roughness, opinions vary
with regard to the flow regime and its evaluation index. Some
researchers assert that the slope is steep, so the overland flow
with a high velocity is turbulent (Zhang, 2002). However,
others regard overland flow as laminar flow because it is a type
of shallow flow and is distinctly affected by surface soil and
vegetation. A group of investigators classify overland flow as
cross-regime flow (Roels, 1984; Chen et al., 2012). Haque
(2002) supported the viewpoint that overland flow is laminar
in general after applying the Darcy-Weisbach resistance for-
mula, the Manning roughness coefficient formula, and the
Chezy resistance formula to an elementary watershed paved
by cement in Los Angeles. Roels (1984) studied the coarse
surface resistance against overland flow. He considered over-
land flow to have three regimes, where a Reynolds number less
than 100 corresponds to laminar flow, and an increase in the
Reynolds number corresponds to turbulent or cross-regime
flow. In the study of the relationships between hydraulic ele-
ments (surface runoff regime, head loss, water velocity,
Froude number, Reynolds number, etc.), the results suggest
that overland flow is laminar and the inertia effect is the main
cause of head loss (Roche et al., 2007). Using field experi-
ments, Chen et al. (2012) demonstrated that overland flow is
laminar in natural woodlands, but changes to a transitional
state between laminar and turbulent flows on slopes under
conditions of accelerated erosion. Using water tanks with
changing slopes, Zhang (2002) studied the transformation law
of the flow regime, velocity, depth, and resistance coefficient
of overland flow with the variations of water quantity andPlease cite this article in press as: Zhang, Sheng-tang, et al., Distributed hydrologic
flow, Water Science and Engineering (2016), http://dx.doi.org/10.1016/j.wse.2016gradient. His experimental results showed that overland flow
was mainly cross-regime or turbulent flow.
Because opinions vary on the issue of flow regime, no
unanimous theoretical foundation has been agreed upon for
the research of hydraulic elements (flow resistance, velocity,
quantity, etc.) regarding the effect of roughness on overland
flow. In this area, many studies have focused on open channel
flow in water tanks with only one flow direction. However, the
applicability of the conclusions obtained from these studies is
dubious for multiple-direction flow.
5. Suggested solutions5.1. Observing overland flow velocity fieldSince the effect of roughness is homogenized in the process
of flow concentration in a large-scale watershed, it is advisable
to construct an outside experimental watershed or an indoor
small catchment model in order to observe the flow velocity
field. Small experimental catchments can be precisely divided
into grid cells, with their discrete boundaries and joints of
water channel systems located by GPS. To obtain all of the
critical flow distribution data of grid cells and the joints syn-
chronously and to clearly observe the velocity field distribu-
tion, water depth, and flow assignment in different runoff
regimes, we can use several surface runoff measurement in-
struments, which can provide the flow volume at more than ten
weir outlet channels. Then, the roughness values for different
underlying surfaces and flow conditions can be calibrated, and
thus, the roughness effect on overland flow can be analyzed.
Using distributed hydrological models, we can obtain accurate
flow simulations at watershed exits by adjusting parameters.
However, the simulations can be biased or even incorrect in
terms of the flow velocity field because of the inexact under-
standing of the roughness effect. In other words, distributed
hydrological models have acceptable final results, but the
initial and middle flow concentrations are poorly simulated
(Mu¨gler et al., 2011). Thus, it is of great significance to
observe the velocity field of overland flow.5.2. Analyzing overland flow regime mechanismIn the process of overland flow concentration along the
slope, the flow is distributed downstream and the water depth
increases in the lower reaches. Simultaneously, the corre-
sponding flow regime changes with the varying flow velocity
and quantity. There is a close relationship between roughness
and the flow regime because the roughness acts as a resistance
mechanism and its measurement method changes under
different regime conditions. Disagreement still exists over the
definition and classification of the flow regime. Because of this
confusion, no unanimous theoretical basis has been deter-
mined to study the roughness effect, and the estimates
resulting from various empirical formulas are quite different
from one another (Dunkerley, 2002). In many studies, the
application of test results regarding open channel flow to
overland flow is unreliable (Li et al., 2013). Therefore, it isal models for addressing effects of spatial variability of roughness on overland
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aiming to analyze the flow regime mechanism and its con-
trolling factors based on the overland flow velocity field. In
this way, we can explore the index system for flow regime
classification, discuss the hydrodynamic characteristics in
different regimes, and analyze the surface roughness mecha-
nisms in each flow regime.5.3. Developing a basic roughness theoryThe study of the roughness coefficient in overland flow
originates from research on the pipe and open channel flow,
where it is used to describe the flow resistance of a solid
surface. However, in real overland flow, there is more than one
flow direction, as proven by the application of the multiple
flow direction arithmetic method in distributed hydrological
models, which divide the watershed surface into multiple grid
cells. When the flow is distributed from the original cell to
adjacent downstream cells through different paths, the spatial
variabilities of land usage type and vegetation distribution lead
to different flow resistances, and the roughness values vary as
a result. Even within the same cell, the roughness in different
directions may vary, as opposed to that in pipe or open channel
flow. Thus, surface roughness has unique features in overland
flow, as it has spatial variability as well as directivity.
Considering the large difference in the roughness mechanism
between overland flow and other flows, it is essential to
develop an independent basic theory for roughness in overland
flow to consider its multiple directions. This development has
been attempted, such as through the vector roughness theory
(Zhang and Kang, 2005), the variable roughness theory (Rai
et al., 2010), and the effective roughness theory (Barros and
Colello, 2001).5.4. Considering scale problemsSurface roughness theories are the results of field obser-
vations. Meanwhile, hydrological simulation using distributed
hydrological models usually regards the whole catchment as
the study area. The performances of the surface roughness
theories at a catchment scale are uncertain, since a catchment
of the size of 1 km2 may be considered highly heterogeneous,
whereas a basin of several thousand square kilometers may be
considered homogeneous by an operational hydrological
forecaster (Bergstrom and Graham, 1998). Scale problems will
occur when the micro-scale surface roughness studies are
applied to catchment modeling. The flow distribution module
of a catchment hydrological model can be modified by
considering the surface roughness factor. The simulation re-
sults of the modified model may be efficiently improved by
addressing specific weaknesses. The performance of the
modified model can vary greatly depending on the hydrolog-
ical conditions (floods or droughts). To take into account the
roughness variability at the catchment scale will add
complexity to the model, but does not necessarily lead to
improved performance of a hydrological model. Therefore,
researchers should carefully examine the simulation results byPlease cite this article in press as: Zhang, Sheng-tang, et al., Distributed hydrologic
flow, Water Science and Engineering (2016), http://dx.doi.org/10.1016/j.wse.2016comparing them to actual (i.e., observed) responses of the
catchment hydrological processes, and adjust the catchment
hydrological model in order to reduce the impact of scale
problems if necessary.
6. Conclusions
Overland flow is a type of shallow flow on slopes, signifi-
cantly affected by surface soil types, vegetation, micro-
topography, etc. Thus, it is affected by more complex rough-
ness factors compared with open channel flow. The current
distributed hydrological models cannot always produce better
simulation results than lumped hydrological models, because of
their simple processing of roughness. In this paper, we divide
current overland flow roughness study into three types: the first
type of study considers the effects of roughness on the volume
and velocity of surface runoff, flood peaks, and the scouring
capability of flows, but has not addressed the spatial variability
of roughness in detail; the second type of study concludes that
surface roughness varies spatially with different land usage
types, land-cover conditions, and different tillage forms, but the
spatial variability has not been demonstrated quantitatively in
these studies; and the third type of study simply deals with the
spatial variability of roughness in each grid cell or land type.
Three problems related to roughness in flow simulation pro-
cesses of distributed hydrological models are discussed,
including the neglect of roughness in distributed hydrological
models, the lack of consideration of spatial variability of
roughness in hydrological models, and the failure to distinguish
the roughness formulas in different overland flow regimes.
Moreover, we suggest four possible solutions to the roughness
problem for studies of overland flow: observing the overland
flow velocity field, analyzing the overland flow regime mecha-
nism, developing a basic roughness theory, and considering
scale problems. To increase the accuracy of distributed hydro-
logical models in overland flow concentration simulation, we
must encourage and support exploration of these four aspects.
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